
Applied Surface Science 669 (2024) 160585

Available online 22 June 2024
0169-4332/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Full Length Article 

Understanding the passivation layer formed by tolyltriazole on copper, 
bronze, and brass surfaces 

Alexander J. Rossin a, Federico Grillo a, Stephen M. Francis a, David N. Miller a,1, 
Andrew K. Rossall b, Jakob A. van den Berg b, Gregory J. Hunt c, Christopher J. Baddeley a,* 

a EaStCHEM - School of Chemistry, University of St Andrews, St Andrews KY16 9ST, UK 
b Ion Beam Centre, School of Computing and Engineering, University of Huddersfield, Huddersfield HD1 3DH, UK 
c Strategic Research, Lubrizol Limited, Nether Lane, Hazelwood DE56 4AN, UK   

A R T I C L E  I N F O   

Keywords: 
Copper alloys 
Corrosion 
Tolytriazole 
MEIS 
XPS 
FIB 
STEM 
EDS 

A B S T R A C T   

Tolyltriazole (TTAH) is used industrially as a corrosion inhibitor for copper alloys, particularly in organic media. 
In this study, the morphology and chemistry of the layer formed by TTAH on copper and copper alloys under 
realistic conditions is investigated, with focus on the effects due to the presence of tin or zinc in the substrates. A 
combination of X-ray photoelectron spectroscopy (XPS), medium energy ion scattering (MEIS), and scanning 
transmission electron microscopy (STEM) has been used. It was found that an inhomogeneous metal–organic 
layer forms on the surface of copper specimens, likely in the form of copper nanoparticles surrounded by 
CuxTTAy complexes. This layer increases in thickness for at least 30 days. Chemically, the copper species in the 
layer are initially in the +2 oxidation state, but after longer exposure to TTAH, mostly Cu(I) is observed. In 
bronze samples, tin does not appear to segregate to the surface layer. In brass samples, zinc is depleted from the 
bulk and forms a thicker ZnxTTAy layer.   

1. Introduction 

The favourable mechanical, thermal, and electrical properties of 
copper and its alloys make them well suited for a wide range of appli-
cations, including wiring, bearings, and fasteners. In comparison to 
steels, copper-based alloys exhibit good corrosion resistance. However, 
under harsh conditions – high temperature, extreme pH, ionic solutions 
– corrosion does occur, and often limits the lifetime of copper-alloy 
items. A method for combating this is to use molecular corrosion in-
hibitors [1]. Benzotriazole and its derivatives have been used for over 
half a century for this purpose [2–4]. In particular tolyltriazole (TTAH, 
Scheme 1) – as a mixture of 4- and 5-methyl-1H-benzotriazole – is used 
commonly because it is both highly effective and economical [5–14]. 

Triazole corrosion inhibitors function by adsorbing on the surface, 
and complexing with metal atoms mostly via the nitrogen atoms of the 
aromatic heterocycle to form a protective passivation layer [1,15–18]. 
During this process, the triazole loses its acidic proton to form an anion – 
in the case of TTAH we shall call the anion TTA− . On copper specimens, 

since copper can be oxidised to both Cu(I) and Cu(II) compounds, in 
principle a variety of CuxTTAy complexes is possible. As a comparison, in 
the case of BTAH (benzotriazole), it has been found that Cu(I)xBTAy 
complexes usually form, most commonly Cu(I)BTA2 [16,19–22], but Cu 
(II) can also be present under some conditions [19,22]. The details of the 
chemical structures formed vary considerably depending on the exper-
imental conditions, and are a matter of active research [16–18,20–25]. 

Most of the work investigating copper corrosion inhibitors has been 
done using pure copper substrates, including with TTAH [6,8,9,26]. 
However, brass and bronze alloys are much more common in real ap-
plications. Therefore, it is important to investigate how the protective 
passivation layer is affected by the presence of other metals. Addition-
ally, studies of BTAH and its derivatives are usually done in an aqueous 
medium [5–10] or in ultra-high vacuum [15–18,20,21,27,28], but 
TTAH in particular is often used in organic media, for example in 
automotive gear oil and automatic transmission fluid [29,30]. These 
corrosion concerns also exist for electrified vehicles [31,32]. Therefore, 
investigating the TTAH with materials used in gear boxes/transmissions 
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and in an organic matrix is of utmost importance. 
In this study, a combination of different analytical techniques was 

used to analyse copper, bronze, and brass surfaces that had been treated 
with TTAH in an organic medium, namely n-heptane, obtaining chem-
ical and morphological information from the surface layers down to the 
bulk of the samples. Industrially common alloys and an elevated tem-
perature were used to approximate realistic conditions. XPS shows the 
average composition and oxidation states of the elements of the very top 
surface layers of the samples; MEIS gives information about the 
composition depth profile up to a depth of around 20 nm; and cross- 
sectional STEM shows highly localised composition and morphology 
up to several hundred nm deep. This allowed the structure and chem-
istry of the passivation layer to be probed. The effects caused by the 
presence of zinc or tin were also observed, along with the effects of 
varied treatment times. 

2. Material and methods 

2.1. X-ray photoelectron spectroscopy (XPS) 

XPS measurements were collected on a Scienta ESCA 300 spec-
trometer, using a SPECS Focus 600 monochromated Al Kα source 
(1486.6 eV, 12 kV, 200 W), operating at a base pressure of ca. 1 × 10− 9 

mbar. The detection system consisted of a large hemispherical analyser 
coupled to a multi-channel plate/video camera (base pressure ca. 5 ×
10− 10 mbar). The BE scale was calibrated to the C 1s line (285 eV). Data 
analysis was done using the CasaXPS software package [33]. 

2.2. Medium energy ion scattering (MEIS) 

MEIS data were collected using the facility at the University of 
Huddersfield, using a nominally 100 keV He+ beam with an incidence 
angle of 35.3◦. Scattered ions were analysed using a toroidal electro-
static energy analyser, which allows simultaneous data collection over a 
range of energies (1.8 % pass energy) and angles (27◦). The resulting 
two-dimensional tiles were combined digitally, and a spectrum at a 
scattering angle of 125.3◦ was extracted. Because the samples are 
polycrystalline in nature, channelling and blocking effects are averaged 
over all directions and therefore not considered of major importance. 

2.3. Scanning transmission electron microscopy (STEM) 

Samples for scanning transmission electron microscopy (STEM) were 
prepared by an in-situ focused ion beam lift out technique using a Scios 
Dualbeam focused ion beam scanning electron microscope (FIBSEM). 
The surface of the sample was protected by electron deposited carbon 
and platinum layers prior to ion milling, lift out and ion polishing (see 
SI1). STEM analysis was carried out using a probe-corrected Titan 
Themis operating at 200 kV equipped with SuperX windowless EDX 
detector. 

2.4. Preparation of samples 

Copper (half hard, 99.9 % pure, 0.5 mm foil), brass (half hard, 63 % 
Cu, 37 % Zn, 0.5 mm foil) and bronze (half hard, 94 % Cu, 6 % Sn, 0.5 
mm foil) were purchased from Goodfellow and cut into ca. 1 × 1 cm2 

samples. n-Heptane and acetone were purchased from Fisher Scientific, 
and TTAH was provided by Lubrizol. The TTAH was determined to be a 
mixture of ca. 41 % and 59 % 4- and 5-methyl-1H-benzotriazole 
respectively, using 1H NMR (see SI2). Before treatment, samples were 
sonicated in acetone followed by n-heptane for 6 min each, then were 
placed in an autoclave with either pure n-heptane, or saturated (at room 
temperature) TTAH in n-heptane for 1, 3, 10, or 30 days at 130 ◦C; this 
temperature was chosen to approximate conditions in automobile ap-
plications. After treatment, samples were rinsed with n-heptane. 

3. Results 

3.1. XPS 

Fig. 1 shows the Cu 2p3/2 region of the XP spectra for copper, brass 
and bronze samples that were sonicated in acetone and n-heptane, and 
then treated in n-heptane with TTAH for 1, 3, 10, and 30 days, compared 
with reference samples of the same metals/alloys sonicated in acetone 
and n-heptane only (further referred as “untreated” samples). On the 
untreated substrates, three distinct peaks can be seen, which have been 
labelled A1, A2, and B in Fig. 1, according to the notation introduced by 
Biesinger et al. [34,35] Peak A2 is located at 932.4, 931.9, and 932.3 eV 
for copper, bronze, and brass respectively. Since the BE of the Cu 2p3/2 
core level peaks of Cu(0) and Cu(I) are very similar [36–38] peak A2 
cannot be used reliably to identify whether Cu(0) or Cu(I) is present. 
However, the Cu L3M4,5M4,5 Auger transitions of Cu(0) and Cu(I) are 
different in shape and occur at different kinetic energies. Specifically, 
the maxima of the most intense components for Cu(I) and Cu(II) are both 
at lower kinetic energy than for Cu(0) [35,36]. Fig. 2a–c shows the Cu 
L3M4,5M4,5 Auger transitions for each sample. Fig. 2d shows a copper 
Wagner plot for the samples. 

Peaks A1 and B correspond to the core-level peak and shake-up 
satellite from Cu(II) respectively [34]. B is observed at 934.9 eV for 
copper, and 934.7 eV for bronze and brass. B is broad, containing at least 
two components, and has a maximum in the range of 941–945 eV. Full 
peak fittings are provided in SI3.1. 

Since the shake-up satellite is only present for Cu(II), it can be used to 
estimate the fraction of the total observed copper signal originated from 
species in the 2+ oxidation state. This is done by comparing the relative 
size of B and A1 + A2 to a pure Cu(II) compound as described by Bie-
singer et al. [34,35] In this work, a CuO spectrum measured on the same 
XPS instrument was used as the pure Cu(II) reference (SI3.1.1). These 
results are combined with Zn 2p3/2 and Sn 3d5/2 XPS data to give a 
comprehensive breakdown of the total metal signal, which is shown in 
Table 1 and Fig. 3 (Sn 3p5/2 and Zn 2d3/2 spectra and peak fitting are 
reported in SI3.2 and 3.3 respectively.). 

In the untreated copper sample (Fig. 1a, black curve), 40 % of the 
copper signal is assigned to Cu(II); the remainder is assigned to Cu(I) 
from its location on the Wagner plot (Fig. 2d). However, the various 
contributions to the Auger peak cannot be separated, and it is possible 
that also some Cu(0) is present, and the lower kinetic energy of the 
primary peak in these samples is due to the contribution of the Cu(II) 
component. After treatment with TTAH for 24 h, peak A2 is greatly 
reduced, with the Cu(II) component comprising 86 % of the total copper 
signal (Fig. 1a, red curve). Over the course of the treatment, the intensity 
of peak A2 increases and peaks A1 and B decrease, with 70 % Cu(II) 
observed after 3 days (Fig. 1a, green curve), and no detectable Cu(II) 
signal observed after 10 days and 30 days (Fig. 1a, cyan and blue 
curves). The absence of the satellite structure (B) makes the absence of 
Cu(II) particularly clear since peak B is well separated from peak A2. The 
Wagner plot (Fig. 2d) shows that the kinetic energy of the Auger 

Scheme 1. Chemical structure of TTAH (4- and 5-Me-1H-benzotriazole).  
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Fig. 1. Cu 2p3/2 XP spectra of copper, bronze, and brass samples in n-heptane treated with TTAH for 1–30 days, compared to untreated reference samples. Peak A2 
corresponds to Cu(0) and/or Cu(I); peaks A1 and B correspond to Cu(II) core level and Cu(II) shake-up respectively. 

Fig. 2. (a–c) Cu L3M4,5M4,5 Auger transitions of copper, bronze and brass samples in n-heptane treated with TTAH for 1–30 days, compared with untreated references 
samples. With the brass samples, the Cu and Zn L3M4,5M4,5 Auger transitions partially overlap; in the samples treated for 3, 10, and 30 days, the weaker Cu signal is 
substantially obscured by the more intense Zn signal. (d) Cu Wagner plot; for the untreated samples, the binding energies of peak A1 and A2 are shown separately. 
For the treated samples only the most intense Cu 2p3/2 peak is shown. 
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transition (Fig. 3a) is too low to indicate the presence of Cu(0), which is 
consistently reported at 918–919 eV;[36] this allows one to determine 
that peak A2 in the treated samples represents Cu(I). 

On the bronze substrate a similar trend is observed, but with rela-
tively more Cu(II) present throughout. Cu(II) accounts for ca. 73 % of the 
total metal signal in the untreated bronze sample (Fig. 1b, black curve). 
After 1 day of treatment with TTAH (Fig. 1b, red curve), the Cu(II) signal 
is increased to ca. 86 %. Over the course of the treatments, the relative 
amount of Cu(II) observed gradually decreases to 78 %, 42 %, and 35 % 
after 3, 10 and 30 days respectively. (Fig. 1b, green, cyan, and blue 
curves). In the untreated bronze sample, 6 % tin is observed – this is in 
line with the nominal composition of the alloy. The Sn 3d5/2 peak has a 
binding energy of 486.4 eV (SI3.2), indicating that tin is oxidised; 
[36,37] however, the binding energies of Sn(II) and Sn(IV) have over-
lapping ranges, 486–487 eV, therefore a more accurate attribution 
cannot be made at this point. No tin signal was observed for any of the 
treated samples (SI3.2). 

On the brass samples, the trend in copper oxidation state is very 
similar to that obtained for the copper samples. In the untreated sample 
(Fig. 1c, black curve), 32 % of the total metal signal is originated from 
Cu(II) and 33 % from Cu(I) and/or Cu(0)); 34 % zinc is measured – in 
line with the nominal composition of the alloy. The Zn 2p3/2 has a 
binding energy of 1021.9 eV (SI 3.3) compatible with the presence of 
metallic zinc. With treatment for 1 day (Fig. 1c, red curve), the Cu(II) 
signal is increased to 80 %, then the signal decreases to 36 % after 3 days 

(Fig. 1c, green curve); after 10 and 30 days (Fig. 1c, cyan and blue 
curves) no Cu(II) is detected. The signal from Cu(I) and/or Cu(0) is 10 % 
of the total metal signal after 1 and 3 days, 21 % after 10 days, and 9.2 % 
after 30 days. Additionally, there is a correlation between the relative 
intensity of the Zn 2p3/2 signal and the treatment time, as the amount of 
surface zinc is estimated to go from 10 % after 1 day up to 91 % after 30 
days (SI3.3). The combined effect is that the total metallic signal 
detected by XPS goes from predominantly copper in the + 2 oxidation 
state after 1 day of treatment, to predominantly zinc after 30 days of 
treatment, with some Cu(I) observed throughout – particularly at in-
termediate treatment times (Fig. 3c). After treatments with TTAH, 
although charging effects due to the deposited layer cause peak broad-
ening and asymmetry, the Zn 2p3/2 shifts to higher binding energies. 
This is compatible with oxidation to the +2 state.[39,40]. 

3.2. MEIS 

Fig. 4 shows the MEIS spectra for copper, brass, and bronze samples 
treated with TTAH in n-heptane for 1, 3, 10, and 30 days compared with 
untreated samples of the same alloys. Copper and zinc edges cannot be 
differentiated due to the similarity in their atomic weights and give a 
combined signal with an edge at 81 keV. The tin edge is at 90 keV. The 
copper samples that have been treated with TTAH show a substantial 
decrease of the signal intensity at the copper edge, indicating a decrease 
in copper concentration at the surface. If the copper was simply being 
covered by other elements, the energy of the edge would be decreased 
without the low intensity plateau that is observed here. This decreased 
copper density can be explained as copper being diluted by light ele-
ments (e.g. C, N, O) that are not distinguished from the MEIS yield from 
higher masses, indicating the presence of a copper-organic layer. The 
depth of this effect is greater with longer treatment time. With the 
bronze substrate, the tin signal at the surface is no longer measurable 
after 1 day of treatment; the depth of this effect is also greater with 
longer treatment time, and the tin signal is suppressed by the copper 
signal in the samples treated for 10 and 30 days. Meanwhile, the copper 
edge exhibits behaviour similar to the pure copper sample, with a 
plateau that increases in depth with treatment time; this indicates the 
presence of a layer on top of the bulk copper with lower metal con-
centration, likely a copper-organic layer. In the brass the combined 
copper and zinc edge shows a similar plateau, indicating a layer with 
decreased total metal concentration at the surface; due to the similarity 
of the copper and zinc edges, it cannot be determined from these data 
whether this metal–organic layer contains copper, zinc or a combination 
of the two elements. 

Table 1 
Metallic surface composition of copper, brass and bronze samples treated with 
TTAH for 1, 3, 10 and 30 days, compared to untreated reference samples. All 
values are a fraction of the total metal detected.  

Preparation Cu(0) + Cu(I)/% Cu(II)/% Zn/% Sn/% 

Copper Untreated 60 40   
1 day 14 86   
3 days 30 70   
10 days 100 0   
30 days 100 0    

Bronze Untreated 21 73  6.0 
1 day 17 83   
3 days 22 78   
10 days 58 42   
30 days 65 35    

Brass Untreated 33 32 34  
1 day 10 80 10  
3 days 10 36 54  
10 days 21 0 79  
30 days 9.2 0 91   

Fig. 3. Variation in the metal XPS signals on (a) copper, (b) bronze, and (c) brass samples treated with TTZL in n-heptane for 1–30 days. Dashed lines show the 
composition of untreated reference samples. 
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3.3. STEM and EDS 

STEM was done on cross-sections of the surfaces of copper, bronze, 
and brass samples treated for 30 days. The longest treated samples were 
used because they were determined from MEIS analysis to have the 
thickest MxTTAy surface layers build up, and larger scale features are 
more easily resolved in the microscopy. 

A high-angle annular dark-field (HAADF) STEM image (Fig. 5a) from 
a cross-section of the surface of a copper sample treated in n-heptane 
with TTAH for 30 days shows a layer of lower density above the bulk. It 
can be seen from EDS (Fig. 5b, c, and d, additional details in SI4.1) that 
the majority of the signal in this layer comes from copper, but also some 
nitrogen is present. Nitrogen is a difficult element to detect with EDS 
because of its low density. Within this layer there are occasional brighter 
features, containing mostly copper. 

Fig. 6a and c show HAADF STEM images of a cross-section of the 
surface of a bronze sample treated with TTAH in n-heptane for 30 days; 
Fig. 6b shows the EDS intensity of copper and tin along the arrow 
indicated in Fig. 6a, averaged across the entire width of the image. There 
is a layer of lower density above the bulk. Fig. 6d shows a magnification 
of the section of this layer indicated on Fig. 6c, alongside EDS maps of 
oxygen, copper, and tin (additional details are given in SI4.2). The upper 
part of this layer consists of rounded features roughly 5–20 nm in size, 
surrounded by even less dense material; EDS shows that this region 
contains copper, and the denser features are particularly copper-rich 
(though still at a much lower concentration than the bulk). These are 
likely to be copper nanoparticles, which do not appear as bright as the 
bulk because their average sizes are less than the thickness of the sam-
ple. The lower part of the surface layer – directly above the bulk – has a 
finer structure, and shows relatively less copper and more tin and 
oxygen. 

Fig. 7a and b show HAADF STEM images from different areas of a 
cross-section of the surface of a brass sample treated with TTAH for 30 

days. For ca. 20 nm above the bulk in both images, there is an inho-
mogeneous layer that looks similar to what is present on the copper and 
bronze samples (Figs. 5 and 6). Fig. 7d shows a magnification of this 
layer, with an EDS map of copper and zinc (additional details are given 
in SI4.3). This layer is rich in copper – particularly the denser spots – but 
also contains some zinc. Above this is a layer that appears more ho-
mogeneous, which varies in thickness from only a few nanometres 
(Fig. 7a) to ca. 300 nm (Fig. 7b). A detail of this layer is shown in Fig. 7b. 
As shown by comparing the elemental maps (Fig. 7d and e), the upper 
layer contains primarily zinc rather than copper. This layer shows 
copper-rich areas, which are much more sparse than in the lower layer. 
There is oxygen present at the interface between the bulk and the surface 
layer, especially in crevices (SI4.3). The top ca. 20 nm of the bulk shows 
much more copper relative to zinc than the rest of the bulk; this indicates 
a depletion of zinc at the interface (Fig. 7c). 

3. Discussion 

TTAH is widely used as a corrosion inhibitor on copper and copper 
alloys, specifically in organic solvents [29,30]. This is because the 
presence of the methyl group renders TTAH more soluble than BTAH in 
an organic medium. In order to understand better the operation of 
TTAH, and in particular how its corrosion-inhibiting performance 
changes depending on the presence of alloying elements, a series of 
experiments were carried out. This involved treatment of copper, brass, 
and bronze substrates at 130 ◦C with TTAH in n-heptane; an organic 
medium and elevated temperature were used to model applications in 
automotive transmission and gear oil. 

Samples were analysed with a set of experimental techniques sensi-
tive to different depths below the surface, with XPS being the most 
surface sensitive; MEIS allowing one to gather information up to around 
20 nm deep; and cross-sectional STEM probing composition and 
morphology up to several hundred nm deep. The lack of literature on 

Fig. 4. MEIS spectra for (a) copper, (b) bronze, and (c) brass samples treated with TTAH for 1 to 30 days, compared to untreated reference samples.  

Fig. 5. (a) HAADF STEM image of a cross-section of the surface of a copper sample treated with ttah for 30 days. (b) EDS intensity of Cu and N along the indicated 
arrow in (a), averaged across the entire width of the image. (c) EDS map of Cu. (d) EDS map of N. 
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TTAH prompted us to refer to papers on BTAH as a comparison; this is 
justified by the fact that theoretical studies have shown that a variety of 
azole compounds – including BTAH and TTAH – interact with copper 
and copper alloy surfaces in a similar manner, coordinating via two 
adjacent aromatic nitrogen atoms [41–46]. 

For the pure copper substrate, on initial exposure to TTAH in n- 
heptane, an increased Cu(II) signal relative to an untreated reference 
was observed via XPS. With longer treatment time, a decrease in the 
relative Cu(II) signal and a corresponding increase in Cu(I) was seen. 
This could be explained by the TTAH initially oxidising metallic copper 
to a kinetically favoured Cu(II) species, which subsequently is reduced 
to a thermodynamically favoured Cu(I) species. For example:  

nCu + 2nTTAH → Cu(II)nTTA2n + nH2(1)                                              

Cu(II)nTTA2n + nCu → Cu(I)2nTTA2n(2)                                                

An alternative interpretation is that Cu(II) species form from a re-
action between the TTAH and already-present surface compounds (ox-
ides, hydroxides, etc.), whereas Cu(I) forms in the absence of these 
compounds. For example, if Cu(I) oxide is present, this could be oxidised 
by the addition of TTAH to a Cu(II) species, shown in Eq. (3). Once the 
pre-existing species are exhausted, the dominant process becomes the 
oxidation of metallic copper to Cu(I), for example as shown in Eq. (4).  

Cu(I)2O + 2TTAH → Cu(II)2O(TTA)2 + H2(3)                                        

2nCu + 2nTTAH → Cu(I)2nTTA2n + nH2(4)                                           

If the formation of Cu(II) occurred after treatment by oxidation from 
exposure to atmosphere due to transferring the samples between the 
autoclave and analysis instruments, it would be expected to either be 
observed in all treated samples (if the surface layer is being oxidised) or 

in the samples not treated with TTAH (if it was happening through the 
layer). Because neither of these scenarios are observed, it is unlikely that 
the formation of Cu(II) is due to atmospheric oxidation after treatment. 
For example, it was shown that BTAH can inhibit atmospheric oxidation 
of brass up to 500 ◦C [47]. 

The initial prevalence of Cu(II) is different to what has generally 
been reported for BTAH in the literature, where Cu(I) species are formed 
very quickly, with little evidence of Cu(II) [3,19–21]. This difference 
could be caused by TTAH behaving differently to BTAH, however this is 
unlikely since a methyl group is only weakly electron donating and its 
purpose is mainly to increase solubility in organic solvents. In fact, it has 
been reported that adsorption of both BTAH and TTAH on Cu(111) 
should occur through the triazole moiety [41]. It is also possible that the 
difference in observations is because studies of BTAH were done using 
an aqueous medium, while the present research was done in an organic 
medium. Specifically, if Cu(II) compounds are initially produced with 
the participation of pre-existing surface species (i.e. Eq. (3)), and these 
compounds are more polar than the predominant Cu(I) compounds, then 
they could persist on the surface for a longer time in a non-polar organic 
medium than in an aqueous medium. 

In one previous study where a CuCl surface was treated with BTAH, it 
was found that a small amount of Cu(II) was present after 30 min of 
treatment, but no Cu(II) was detectable after 120 min of treatment [22]. 
This could be a similar chemical process of pre-existing CuCl being 
oxidised to Cu(II), however the non-polar n-heptane medium used in the 
present work causes these species to persist on the surface for longer 
times. Quantitative analysis of the XPS data (see SI 3.8) indicates TTA: 
Cu ratios between 1 and 4, consistent with CuxTTAy being the primary 
component of the surface layer; as a comparison, previous studies have 
found a BTA:Cu ratio of 1 or 2 for surface species [15–18,48]. 

MEIS revealed the presence of a surface layer with a decreased 

Fig. 6. STEM and EDS data from a cross-section of the surface of a bronze sample treated with TTAH for 30 days. (a) HAADF image. (b) EDS intensity for Cu and Sn 
along the arrow indicated in (a), averaged over the entire width of the image. (c) HAADF image. (d) HAADF image and O, Cu, and Sn EDS maps of the area indicated 
by the red rectangle in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. (a) and (b) HAADF STEM images from a cross-section of the surface of a brass sample treated with TTAH for 30 days. (c) The EDS intensity along the indicated 
direction in (b), averaged across the indicated region. (d) and (e) Higher resolution HAADF images of the indicated regions in b), alongside EDS element maps of Cu 
and Zn. 
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density of copper, interpreted as a metal–organic layer; light elements – 
such carbon, oxygen, and nitrogen – are not observed directly by MEIS. 
The thickness of this layer continues to grow through at least 30 days of 
treatment. Cross-section STEM of the sample treated for 30 days shows a 
surface layer that is roughly 40–60 nm thick, consisting of occasional 
copper nanoparticles surrounded by a homogenous matrix with a low 
level of copper, presumably CuxTTAy species. 

On the bronze samples, XPS measurements show that the trend in 
surface copper oxidation state is similar to that observed for the pure 
copper substrate, with mostly Cu(II) present after 1 day of treatment and 
the relative amount of Cu(I) increasing after that. However, unlike for 
the pure copper surface, a substantial amount of Cu(II) is present on all 
samples, constant at around 50 % of total copper signal after both 10 and 
30 days. On the untreated bronze reference sample, around 6 % of the 
total XPS metal signal is originated from tin. Roughly this is in line with 
the nominal composition of the bronze. In all treated samples, no tin 
signal was observed; additionally, no tin EDS signal was observed in the 
upper half of the surface layer in the STEM sample. Quantitative analysis 
of XPS indicates (S3.8) TTA:Cu ratios between 1.5 and 3, consistent with 
CuxTTAy being the primary component of the surface layer, and similar 
to the BTA:Cu ratios of 1 or 2 found in previous studies [15–18,48]. 

The MEIS data for the bronze samples show a trend of increasing 
thickness of the passivation layer similar to that recorded for the copper 
samples. The tin edge for treated samples is shifted to from ca. 90 eV in 
the untreated reference, to ca. 85 eV after 1 day of treatment, and low 
enough to be hidden by the copper edge (ca. 82 eV) after longer treat-
ment. This indicates that no observable tin is present at the surface, in 
agreement with the XPS and STEM. While the lower tin edge is visible in 
the samples treated for 1 and 3 days, it is completely suppressed by the 
copper edge for samples treated for 10 and 30 days. Cross-sectional 
STEM of the sample treated for 30 days shows a slightly thinner layer 
of about 30–50 nm. Notably, there is a much higher concentration of 
structures attributed to nanoparticles, which are densely packed without 
large areas of the homogeneous layer between them. While no tin is 
observed in the upper part of the layer (in agreement with XPS and MEIS 
observations), increased tin and oxygen contents are observed in the 
lower part of the layer. This can be interpreted as tin oxide present be-
tween the CuxTTAy passivation layer and the bulk alloy, as a conse-
quence of TTAH selectively segregating copper to the surface layer [21]. 

On the untreated brass reference sample, around 31 % of the total 
XPS metal signal is originated from zinc, roughly in line with the bulk 
composition. Upon treatment with TTAH for 1 day, this decreases to 9 
%; on further treatment it increases progressively to reach around 86 % 
after 30 days. Quantitative analysis of XPS (SI3.8) indicates TTA:M ra-
tios between 1.5 and 2.5, consistent with MxTTAy being the primary 
component of the surface layer, and similar to the BTA:Cu ratios of 1 or 2 
found in previous studies [15–18,48]. 

In the MEIS data from the brass samples, the combined copper and 
zinc edges show a similar behaviour to the copper edge in the data from 
the copper samples, indicating the presence of a metal organic layer. 
Because the copper and zinc edges are similar in energy, MEIS cannot be 
used to distinguish between these elements. By STEM and EDS it is 
observed that after 30 days the layer is copper-rich near the bulk, and 
becomes more and more zinc-rich moving towards the surface. Addi-
tionally, the layer produced after 30 days of treatment in TTAH is much 
thicker than that obtained on copper or bronze samples, at around 200 
nm; the top of the bulk is notably depleted of zinc. This leads to the 
interpretation that the reaction of copper with TTAH happens more 
quickly than the reaction with zinc. Then in the long run the passivation 
layer that is formed is ineffective at blocking the transport of zinc atoms 
thought the CuxTTAy layer, leading to a thick ZnxTTAy layer forming 
over the CuxTTAy layer. As a comparison, migration of copper atoms 
from the bulk to the surface layer [21] layer is one of the proposed 
mechanisms for the growth of the CuxBTAy layer on oxidised copper 
[49]. This indicates that the layer formed by TTAH on alloys containing 
zinc is not as effective at inhibiting corrosion as the layer formed on 

alloys without zinc. 

4. Conclusions 

When copper, brass, or bronze is treated with TTAH in n-heptane at 
elevated temperature, a metal–organic (MxTTAy) layer forms. This layer 
is highly inhomogeneous and is best described as copper nanoparticles 
surrounded by CuxTTAy species. The thickness of the metal–organic 
layer grows for at least 30 days. Over this time period, the copper surface 
atoms change oxidation state from predominately Cu(II) to predomi-
nantly Cu(I). When tin is present in the alloy, it is not involved in the 
MxTTAy layer, but there is tin oxide between the layer and the bulk. 
When zinc is present, a thicker, more homogeneous ZnxTTAy layer forms 
over the predominantly CuxTTAy layer. This study shows that there are 
considerable implications for the use of TTAH as a corrosion inhibitor 
for copper alloys: TTAH seems likely effective on protecting bronze in a 
manner similar to pure copper, whereas on brass it is less effective since 
it appears that zinc can relatively easily be transferred through the 
CuxTTAy layer and be depleted from the underlying surface. 
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